Overlapping tracks were processed by melting preplaced titanium carbide (TiC) powder on steel surfaces using a tungsten inert gas torch. The tracks produced ~1.0 mm melt depth free from cracks, but occasional pores were observed. The microstructure consisted of unmelted and partially melted TiC particulates together with reprecipitated TiC particles, which were prominent in tracks processed in the initial stage. A greater number of reprecipitated globular and cubic TiC particles were observed in tracks processed in the later stages, indicating more dissolution of TiC particulates from the overlapping operation. Those multitracks processed in the initial stage developed a maximum hardness of 850-1000 HV, which was lower in most other tracks, although comparable hardness values were recorded in the last track.
INTRODUCTION
The formation of a thin hard coating on substrate surfaces can improve tribological properties in terms of low friction and wear resistance, but if the load is high, the coating can fail by deformation of the subsurface, especially in light metal alloys. Reinforcement of metals with ceramics can increase strength, stiffness, wear resistance, high temperature strength and affect a decrease in weight. Over the years, modification of the matrix close to the surface, as well as reinforcement, has been introduced. The incorporation of ceramic particles into molten metal surfaces to produce metal matrix composite (MMC) layers is popular, because this method can tailor the surface to suite the requirements of specific applications. High energy laser and electron beam melting techniques are established means of processing such composite layers, which are reported to increase wear and corrosion resistance significantly. [1] [2] [3] [4] [5] [6] [7] [8] However, application of these techniques is limited in practice because of the high costs of the equipment. Previous surface engineering work using the tungsten inert gas (TIG) welding torch melting technique, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] produced either a small hemispherical volume of a modified surface, or a single melt track with a width of a few millimetres running the length of the specimen. However, in many service applications there is frequently a requirement to modify a much greater surface area. This necessitates the overlapping of many melted tracks, with the additional problems due to preheating of the regions of the substrate where subsequent tracks are melted, as reported for laser processing. [20] [21] [22] [23] Hu and Baker 22 defined 'preheat' as the heat developed from melting the initial track, which then diffused by conduction throughout the work piece. Previous laser studies described overlapping investigations based on a titanium alloy, initially involved laser nitriding 22 and subsequently laser alloying which incorporated SiC powder. 23 Although most of the work on MMC layer formation is centred on light metal alloys, 8 there is interest in developing MMC layers on iron -based alloys for wear resistant applications. [24] [25] [26] The term 'additive layer manufacturing' has recently been used to describe this process in the case of steels. 27 TiC has received some attention as a reinforcing material on the substrate surface to increase resistance against wear. 25 In parallel research with overlapped tracks, the TIG process was used to melt TiC powder on an AISI 1050 mild steel substrate. This achieved an approximately constant microhardness value of 800 HV in the first track, from the surface to the depth at 2.2 mm. The hardness in the third pass was in the range from 650 to 870 HV. 24 Earlier work on single track melting, incorporated 1.0 mg/mm 2 of preplaced TiC powder into a low alloy steel surface. Using a TIG energy input of 1344 J mm -1 , MMC layers having a good metallurgical bond and free from cracks and porosity were obtained. 25 The microstructure consisted of TiC dendrites associated with unmelted and partially melted TiC particulates dispersed in the melt pool.
A review of the literature shows that little has been published relating microstructure to properties of overlapping tracks processed on a steel surface. This paper extends the work reported in a previous paper. 26 It describes the influence of multipass overlapping tracks processed using TiC powder preplaced on AISI 4340 low alloy steel and melted under a TIG torch, but using a higher energy input, with the aim of dissolving particulates and precipitating more TiC in a finer form, with a homogeneous distribution. Research was undertaken to characterize the multipass overlapping features such as the melt geometry, microhardness and microstructure, including defects, of the processed tracks.
EXPERIMENTAL
AISI 4340 low alloy steel plate of composition given in Table 1 was used as the substrate material for this investigation. Specimens of 100 x 40 x 15 mm 3 were cut from the steel plate.
Four 3 mm dia. holes were drilled into the specimen in the positions shown in Fig. 1 , to monitor temperature changes during the processing. The surface was ground on emery paper and degreased in acetone prior to the application of the preplaced powder. TiC ceramic powder of 99.5% purity, with a nominal size of 45-100 µm supplied by Meterion Inc, USA was used as the reinforcing material for incorporation onto the steel surface. 1.0 mg of TiC powder per mm 2 area of steel specimen was preplaced on the surface. Details of the powder preplacement method were described previously. 11, 25 Multipass tracks, with 50% overlapping between tracks, were melted on the TiC preplaced surface using a TIG welding torch generated by applying a current of 80 A at 35 V. The specimen stage had a traversing speed of , where V is voltage, I is current, S is scanning speed and η is the efficiency of heat absorption, which is given as 48% for TIG torch melting. 28 Analytical models for calculating η are given in, for examples, References 29 and 30 .
For a rapidly moving high-power heat source, theoretically about 48% of the effective (net)
heat input is available for fusion (in the 2D case). This value has been calculated by assuming that heat diffusion is exclusively perpendicular to the moving heat source and that no filler material is added. 30 Experimental results agree with the calculated value. [31] [32] [33] Equation 1 
RESULTS

Substrate Temperature Variations during Multi-track Processing
Melt Pool Geometry and Defects
The cross sections of all 17 multipass tracks, spanning across ~35 mm width of the substrate, were examined by optical and scanning electron microscopy. The vertical cross sections of the processed specimens had hemispherical shaped individual track seen within the overall resolidified melt layer, which were followed by a distinct heat affected zone (HAZ), Fig. 3 .
The tracks showed a good metallurgical bonding with the substrate, were free from cracks, but pores were visible in some tracks. The measured melt depths of the multipass overlapping tracks in Table 2 clearly show that the average melt depth is ~1.0 mm. Table 2 : Size of melt pool and HAZ.
The powder-covered area exposed for melting in the first track was a circular area across the width of the TIG torch scanned along the traverse direction. Due to the overlapping procedure, after processing the first and the final tracks, the torch remelted 50% of these tracks together with 50% of new substrate. 
Hardness of TiC Embedded Alloy Steel
Microstructure of TiC Embedded Composite Layer
The main features of each track were a hemispherical resolidified melt pool, with embedded TiC particles, and an associated HAZ, Fig. 3 . In this work, TiC powder particles, which remain unmelted or partially melted are described as TiC particulates, while TiC powders which have completely melted and formed as new particles, are described as precipitates.
Thermal shock, due to the high heat input and high cooling rates following the TIG melting, While few, and in some areas, no unmelted or partially melted particulates were found in the ninth melted track, all the above noted morphologies of precipitated TiC particles were observed. These included cruciform or flower shaped TiC precipitates, observed at C in Fig.   10 , at the middle of the track, and in more detail in Fig. 11 .
Heat dissipation by conduction through the substrate -mass produced a martensitic microstructure within the HAZ of all overlapping tracks, Fig. 12 .
DISCUSSION
The approach underpinning the development of a thick (>1 mm), hard, wear resistant MMC layer on an alloy substrate in this research, was that by using a surface engineering process, initially based on a laser and more recently on a TIG torch, hard ceramic powders could be incorporated into a molten substrate. Invariably, the ceramic powders have a much higher melting point (~ 2,500-3500°C) than the alloy substrate (650-1600°C), and the early laser processing work of Ayres 1, 2 incorporating ~ 150 µm size TiC , WC or diamond particles into a titanium substrate, indicated an inhomogeneous distribution of the powder. However, with laser processing preplaced SiC powder in the size range, 3-6 µm, on a Ti-4Al-6V alloy substrate, 4 the powder dissolved and precipitated as well distributed TiC and Ti 5 Si 3 particles, conferring a significant increase in hardness throughout a ~ 1 mm deep solidified melt pool.
In the present work, this methodology is applied to TIG torch processing preplaced TiC powder on an alloy steel surface. Unlike the Fe-Si-C system, 34 Fe does not dissolve in TiC, 35 therefore the resultant particle distribution should reflect this difference. Also this research was extended to a situation where multi-overlapping tracks cover the substrate.
However, the results collated in Table 2 do not follow the trend reported in previous work. 36 Here the track depth remained almost constant for the length of the track, at ~1 mm, as seen in Fig. 3 and recorded in Table 2 . It is considered that the influence of preheating due to the overlapping operation depends both on the energy input and the time interval between two overlapping tracks being sufficiently short. In these experiments, a longer time interval of ~ 2 minutes was used than in previous work. 22, 36 For these reasons, the melt depth is evidently not showing the previously recorded extensive preheating effect of increasing track depth as melting proceeds.
21, 22
Few pores were noted in this work. Their formation is associated with the rapid solidification of the melt, entrapping gases which may arise from the shielding gas and also through burning off the binder used for adhering the TiC powder on to the substrate surface. 4, 11, 19 Pores have been reported when other melting techniques were used for surface modification work.
3, 4, 25
For example, it has been observed that with the laser cladding process, the powder that is excess to that injected into the melt pool during overlapping, may produce inter-track porosity. 37 The maximum hardness of 1000 HV was observed only for the first track, where it was ~3.5
higher than the substrate material hardness of 300 HV. Fig. 4 shows that this maximum hardness was retained for ~ 500 µm. Following the melting of the second track, a high hardness plateau of 870-750 HV was recorded to a depth of ~1 mm. It is noted in Fig. 3 , that the overlapping between tracks 1 and 2 is significantly less than the aim-at 50%, and this has influenced the variations in hardness between these two tracks. Within the HAZ, the hardness values, ranging from 300-470 HV, resulted from the martensitic microstructures developed due to the high cooling rates. However, these were not so high as to create residual stress levels capable of producing cracks in the solidified structures.
The effect of preheat recorded as a temperature increase from start to finish of the melting of a single track, or as a result of overlapping during the melting of a number of tracks, 22, 23, 36 is well established, leading to a reduction in hardness after the initial track, in multi-track surface alloys. In the present work, a return to a higher hardness of 880 HV in track 17, was recorded. This may be related to less dissolution of TiC particulates, because no remelting occurred in second half of this final track. The highest hardness recorded in the overlapping tracks is lower than the maximum hardness of 900-1200 HV reported previously in TiC incorporated composite coatings in steel, processed by single track melting. 8, 18 This decrease in hardness is related both to the high energy input used in this work and to the effect of preheat generated by the overlapping process, decreasing the cooling rate and modifying the microstructure.
Cracking of TiC particulates due to thermal shock, observed in Fig. 5 , allowed the infiltration of molten steel between the shattered particulates, resulting in acceleration of dissolution of the cracked particulates in the presence of a Marangoni convection force, compared to the dissolution of uncracked TiC particulates. The Marangoni convection force is reported to swirl the fluid melt near the arc source, prior to moving this fluid into the deeper part of melt pool. This is an action which increases the rate of dissolution of reinforcing material, together with that the substrate. 25 The low energy region at the bottom of the melt pool, adjacent to the base metal, where the pool was only just above the melting temperature of steel, was insufficient to melt the surging particulates, resulting in agglomeration, as seen in Fig. 6a . Because the Gaussian energy distribution of the melting torch steadily decreased from the melt pool centre towards the edges, the number of agglomerations of TiC particulates increased, together with a reduced population of precipitated particles. This is observed in the microstructure in Fig. 7 . During melting of the first track, more powder was of the resolidified track and preheated the substrate, thereby reducing the cooling rate, all of which contributed to reducing the surface hardness. This phenomenon of ceramic particulate dissolution and precipitation was also observed in the earlier research work. 7, 8, 38 Wang et al., 16 in their multi-pass overlapping experiments, which involved synthesizing a mixture of FeTi and graphite onto a medium carbon steel using the TIG process, unlike the present work, observed a greater concentration of TiC particles in the upper region. Here, they found many large precipitates, >50 µm, and included in the paper some excellent electron probe X-ray micro-analytical images supporting the presence of only titanium and carbon in the dendritic and cruciform precipitates. These are similar to the cruciform (Ti, V) nitrides characterised by Baker et al., 38 which they observed in thin slab cast vanadium-titanium microalloyed steels, and the faceted TiC six armed dendrites of Chen and Yang. 39 On the other hand, Fernandez et al. 40 found that the equilibrium growth morphology of TiC is octahedral. Wang et al. 16 concluded that the low density of TiC, ~4.90 g/cm 3 , compared with iron, ~8.9 g/cm 3 , had a tendency to segregate in the upper region. However, it should be noted that compared with the energy input 422 J mm -1 used in previous research 26 and 1344 J mm -1 in the present work, their energy input was 2550 J mm -1 . Their precipitates, which were significantly larger than those seen in Fig. 11 , while strengthening the steel, did not produce hardness values in all tracks of ~1000 HV, reported by others for this TiC -steel system.
Preheating of the substrate to a temperature of 200 o C was also reported to increase the track width together with developing a deeper melt, resulting in a greater dilution. However, significantly higher temperatures have been reported due to overlapping operation which caused preheating of the substrate to increase to ~750 o C. 37 In the present work, the energy input would produce a high melt temperature and vigorous particulate-matrix stirring within the melt pool, resulting in the displacement of preplaced powder particulate to the bottom of the melt pool in the early tracks, as seen in Fig. 6 . By the time the 9 th overlapping track was reached, the combination of the high heat input plus the level of the preheat, produced a melt temperature where most of the TiC particulates dissolved within the melt pool. This possibly accelerated the dissolution of TiC particulates at a faster rate than in the tracks processed in the earlier stage, especially in the first and second tracks.
During melting, the torch energy level of 1334 Jmm -1 produced a situation which leads to the displacement, by Maragoni forces, of the TiC particulates preplaced on the substrate surface, to the bottom of the melt zone. As melting proceeded, the preheat increased, dissolving more and more particulates at an early stage, and TiC precipitation occurred on cooling. As the number of tracks melted increased, the rate of cooling decreased due to the increasing effect of the preheat. This resulted in a longer time for precipitate growth. A wide variety of precipitate morphologies were found, culminating in the six -sided 'flower' shaped precipitates, which are associated with a relatively slow cooling rate. The growth of these precipitates and their inhomogeneous distribution was accompanied by a decrease in the hardness throughout the melt zone, as the multi-track processing continued, until the last track, which was only half remelted, and therefore cooled faster than most of the preceding tracks. The generally accepted particle radius for controlling grain size 41 is in the range 30-800 nm, together with a volume fraction of 10 -4 to 10 -2 . The flower precipitates removed a significant fraction of the available Ti and C atoms, which are effectively lost in a precipitate which is outside this size range, and therefore wasted in terms of controlling the strength properties, through either dispersion hardening or by restriction of grain growth. It is considered that in multi -track melting, a decrease in the energy input to <1000 Jmm -1 , may reduce the Marangoni flow, through a change in surface tension. 42 This, in turn, should develop a microstructure with a more homogeneous distribution of TiC particulates and precipitates with a corresponding effect on hardness. It is expected that a higher hardness, homogeneously distributed throughout the re-solidified melt zone, would also benefit the triobological properties. The results of this investigation confirm that conventional TIG technology may be used as an alternative to the more expensive laser process to produce composite coatings on surface engineered steels. Processing procedures are currently being explored to address the problem of microstructural and hardness variations reported in this research. Fig. 1 : Schematic diagram giving the position of the multitracks and thermocouple holes. 
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